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ABSTRACT 

This  paper cons iders  t h e  process  of upper atmoerphers hea t ing  
by t h e  wave and corpuscular  i o n i z i n g  r ad ia t ion .  Examination of t h e  
photochemical processes  i n  the  upper atmosphere allows judging about 
the  d i s t r i b u t i o n  wi th in  i t  of temperature as a func t ion  of a l t i t u d e .  
It  is shown t h a t  about 40 percent  of i o n i z i n g  r a d i a t i o n  energy passes 
t o  hea t  upon absorpt ion i n  t h e  atmosphere. The daytime i o n i z i n g  rad ia-  
t i o n  flux, est imated according t o  d a t a  on atriosphere hea t ing ,  is of 
3 t o  12 erg/cm' s e c I  

The d i s t r i b u t i o n  of temperature with t h e  a l t i t u d e  is computed 
i n  t h e  n igh t  ionosphere.  It is  shorn t h a t  t h e  night t ime hea t ing  of 
t he  upper atmosphere may be induced by e l e c t r o n s  with energy exceeding 
100 eV, whose flux is - 0.4 - 1.6 erg/crn2 s e c I  It is found t h a t  i n  
night t ime the  temperature is 700" K a t  200 k m ,  and .CY 1130°K at 350 km.  

* * *  
Data on the  motion of the  Ea r th ' s  a r t i f i c i a l  s a t e l l i t e s  poin t  

t o  t h e  dependence of upper atmosphere dens i ty  on the  time of t h e  day 
h - 33 on solar c43 and on geomagnetic a c t i v i t y  c53. I n  o t h e r  words 
i t  may considered as demcnstrated t h a t  t h e  d e n s i t y  of t he  upper atmo- 
sphere is funct ion of t h e  magnitude of t h e  i o n i s i n g  flux of s o l a r  
corpuscular  r a d i a t i o n  absorbed i n  t h e  upper atmosphere. 

* IONIZUYUSHCXX??E IZLUCHENIYE I RAZOGREV VERKHEaEY ATMOSFERY . 



2 .  

This  can be understood, i f  we t ake  i n t o  account t h a t  t he  
degree of i o n i z a t i o n  of a.tmosphere components at  var ious  a l t i t u d e s ,  
which depends d i r e c t l y  on the  f l u x  of  i o n i z i n g  r a d i a t i o n ,  p lays  a 

s u b s t a n t i a l  r o l e  i n  t h e  formation of upper atmo8phere's temperature 
regime. That of t he  ionosphere w a s  l a t e l y  analyaed by a s e r i e s  of 
authors  C6 - 81 e I n  a l l  t hese  works t h e  degree of hea t ing  w a s  compu- 
t e d  on the  b a s i s  of d a t a  on dens i ty  of t h e  upper atmosphere, on t h e  

i n t e n s i t y  of i on iz ing  r a d i a t i o n  and on t h e  absorpt ion c ros s  s e c t i o n s  
of t h e  l a t t e r  by var ious  qas components of t h e  ionoephere. However, 
t h e  present-day knowledge of photochemical processes  i n  the  ionosphere,  
t ak ing  place under the  e f f e c t  of i o n i z i n g  r a d i a t i o n ,  provides the  poss i -  
b i l i t y  t o  judge about t? ie  amount of t h e  l a t t e r ,  necessary t o  s u s t a i n  
the  given i o n i z a t i o n  l e v e l ,  o r i g i n a t i n g  from such fundamental charac- 
t e r i s t i c s  of the  ionosphere as f o r  example t h e  d i s t r i b u t i o n  of e lec-  
t r o n  concent ra t ion  and of the  e f f e c t i v e  recombination c o e f f i c i e n t  i n  
height .  

It  w i l l  be shown below, t h a t  t h e  degree of upper atmosphere 
ion iza t ion  e x e r t s  an e f f e c t  on the  degree of i ts  hea t ing ,  which p o i n t s  
t o  a deep connection between the  elementary processes  tak ing  place i n  
the  ionosphere and i ts  thermal rezime. 

A t  p r e sen t ,  t he  r e s u l t s  of s tudy  of i on  composition of t h e  
upper atmosphere w i t h  t he  a i d  of rocke t s  and AES, may e explained,  
ccnsider ing t h a t  t he  for:i.ztion of atomic ions  is the  d i r e c t  resul t  
of i on iz ing  r a d i a t i o n ' s  i n t e r a c t i o n  w i t h  t h e  upper atmosphere compo- 
nen t s ,  and t b e t  t h e  n e u t r a l i z a t i o n  of t he  ion ized  components of t h e  

upper atmosphere takes place  by the  d i s s o c i a t i v e  recombination reac- 
t i o n s  of molecular ions .  There l a y  between these  two processes  t h e  
intermediate  processes of Eolecular i o n  formation, which take p lace  
by ion-exchange r e a c t i o n s  of atomic i o n s  w i t h  n e u t r a l  molecules. The 
d i s s o c i a t i v e  recombination r eac t ions  a r e  xmore e f f e c t i v e  than t h e  d i r e c t  
recomblnation of atomic ions ,  €or t h e i r  v e l o c i t i e s  a r e  by 4-  6 orders  
g r e a t e r  (as a funct ion of he igh t )  than t h e  r a t e s  of recombination of 
atomic i o n s  h01. 
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Therefore ,  i n  t he  s t a t i o n a r y  case ,  t he  number of events  of 
i o n i z a t i o n  i n  a c e r t a i n  volume is compensated by the  number of d i sso-  
c i a t i v e  recombination events  of molecular i ons  according t o  the  r e a c t i o n  

XY+ + e I, X* + Yrr + E. 

The recombination r a t e  a t  a c e r t a i n  l e v e l  i n  t h e  ionosphere is 
2 given i n  t h i s  c a m  by the  expre.?sion Q 30 d ne, where d = aM+/n, 

i p  t h e  e f f e c t i v e  recombination c o e f f i c i e n t  at t h a t  l e v e l ,  ne i s  t h e  
e l e c t r o n  concent ra t ion ,  M+ is  t h e  concent ra t ion  of molecular i o n s ,  
a is t h e  r a t e  of d i s s o c i a t i v e  recombination r e a c t i o n s  of molecular 

ions .  

The r o l e  of charge p a r t i c l e  s c a t t e r i n g  i n  t h e  d i s t r i b u t i o n  of 
i ons  i n  he ight  is not taken i n t o  account i n  t h e  work, and i t  is assu- 
med t h a t  t he  ion-exchange r eac t ions  and t h e  recombination of molecular 
i ons  take place at  the same he igh t r  as t h e  i o n i z a t i o n  does. It is un- 
derstandable  , t h a t  i n  equi l ibr ium cases ,  t h e  recombination r e a c t i o n  
r a t e ' s  magnitude is i n  t h i s  case equal  t o  t ha t  of the  i o n i z a t i o n  a r e  
a t  t h e  given , l e v e l  . 

I f  we admit a f t e r  h11, t h a t  the  energy consumed f o r  t h e  for- 
mation of a p a i r  of i o n s  a t  i o n i z a t i o n  by Sun's u l t r a v i o l e t  r a d i a t i o n ,  
c o n s t i t u t e s  as an averare  3 0  eV, t h e  quan t i ty  4.8 ar' n e ergs 
i s  t h e  energy of i o n i z i n g  r a d i a t i o n  abeorbed i n  a u n i t  of time i n  a 
u n i t  of volume a t  a certair? l e v e l  i n  t h e  ionosphere.  

2 

Obviousl;S-., a s p e c i f i c  d i s t r i b u t i o n  of e l e c t r o n  concent ra t ion  
i n  he ight  ne = ne ( h )  mRy be sus t a ined  by a r a d i a t i o n ,  whose f l u  

I (erg/cg2 scc'l) is equal  at  v e r t i c a l  incidence t o  
00 

I = 4,8. \ a'na dh. 

It is  poss ib le  t o  compute t h e  d i s t r i b u t i o n  of temperature f o r  
0 

various valuer: of I. To tha t  e f f e c t ,  t he  hea t  conduct iv i ty  equat ion 
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must be resolved simultaneously.  Here E is t h e  t h e r e a l  energy f l u x  
expressed i n  erg/cmo2 sec"; is  the  hea t  conduct iv i ty  f a c t o r  a t  a 
c e r t a i n  f ixed  l e v e l  expressed i n  e r g  cm-l eec'', and t h e  equat ion of 
f lux '  con t inu i ty  i o  

(2) 
C,p(h) at dT (h, f) + div E = N (h,  f), 

where 9 is the  dens i ty ;  T is  the temperature;  t - t h e  t i m e  ; H(h, t )  
5.F t h e  t h e r m 1  energy balance pe r  u n i t  of volume a t  a c e r t a i n  l e v e l  h .  
The l i b e r a t i o n  of thermal energy, i. e. t h e  p o s i t i v e  p a r t  of the  h e a t  
balance,  w i l l  be d e f i n i t e l y  lower according t o  t h e  degree of upper atmo- 
sphere ion iza t ion .  

Two v a r i a n t s  of t he  hea t  conduct iv i ty  f a c t o r  have been proposed 
by Nico le t  C71: 

h = 3,6.103 T", X = 1,8 lo2 T"a, (3) 

Formulas ( 3 )  a r e  given f o r  a monoatomic gas and f o r  a gas, con- 
s i s t i n g  only of diatomic molecules r e spec t ive ly .  Obviously, t h e  va lues  
of  f o r  a concrete  he ight  nust  be w r i t t e n  t a k i n g  i n t o  account t h e  
c o r r e l a t i o n  of a toEic  end molecular component6 a t  t h a t  he ight .  Nicolet 
h a s  a l s o  shown, t t : a t  i f  i n s t e a d  of temperature we introduced a c e r t a i n  
temperature p e r m e t e r  6 

where r,anl! To 
temperature at a c e r t a i n  f ixed  l e v e l  of t he  atmosphere, t h e  system of 
equat ions (1) and ( 2 )  could be transformed i n  a one-dimensional s t a t i o n -  
ary caEe i n t o  an equati.cn of t h e  form 

a r e  t h e  values  of t h e  hea t  conduct iv i ty  f a c t o r  and t h e  

Y where. Ah is t he  value of t h e  f a c t o r  at T 2 i n  formulas ( 3 )  at a c e r t a i n  
he ight  h. 



Therefore ,  i f  we determine t h e  thermal energy balance a t  a 
.f‘ c e r t a i n  he ight  h i n  a unit,volume, we may r e so lve  the  equat ion (5)  

r e l a t i v e  t o  8 and, u t i l i z i n q  formula (41, pass  t o  d i s t r i b u t i o n  of 
temperatures i n  h e i s h t .  That is why we s h a l l  d i scuss  below the  quest ion 
of heat inf low and outflovr i n  a c e r t a i n  volume of t h e  upper atmosphere. 

It should be taken i n t o  account t h a t  no t  a l l  t h e  energy of  
i o n i z i n g  r a d i a t i o n  is consumed i n  t h e  hea t ing  of t h e  upper atmosphere, 
Nicole t  c7,  12,  131 es t ima tes ,  t2at the  value o f  thermal e f f i c i e n c y  
v ~ r i e s  from 25% a t  i o n i z a t i o n  by r a d i e t i o n  with 584 1 wavelength t o  
60% when the  i o n i z a t i o n  take13 p lace  at 304 t wavelength. According 
t o  Hanson and Johnson es t imates  c143, 15 t o  30% of energy of i o n i z i n g  
r a d i a t i o n  pass t o  hea t .  Hunt zind Van Zandt C83 fix t h i s  va lue  between 
6 and 5056. Because of the  e s sen t i a l  u n c e r t a i n t y  of these  va lues ,  we 

shall s t r i v e  t o  provide a c e r a t i n  average estimate of t h e  magnitude 
tSiermal e f f i c i e n c y ,  s t a r t i n g  from t h e  considerat ion.  of photochemical 

r e a c t i o n s  t,iking pl-sce i n  t he  upper atmosphere. L e t  us  no te  t h a t  t h i s  
vclue probeblg depend,- on the  he iF%t  of t h e  l e v e l  considered,  but  i t  
is, however, very d i i ’ f i c u l t  t o  es t imate  i t  a t  t h e  p re sen t  time. We 
s h a l l  t h u s  consider  our  average es t imate  as t r u e  f o r  all t h e  coneidesed 
he igh t s ,  and t h e  much the  more so, s i n c e  t h e  e r r o r  a t  t h e  expense of  
such a s i m p l i f i c a t i o n  should not be grea.t ,  as suggested in all probabi- 
l i t y  i n  re ference  C81. 

As alrea.dy pointed o u t ,  t 5e  b a s i c  processes  of  atomic i o n  t r an -  
e i t i o n  i n t o  

The 

molecular i o n s  are ap,r,arently the ion-exchange r e a c t i o n s  

O+ + Na+ NO+ + N, 

subsequent d i s e o c i a t i v e  recoisbination of i ons  NO+, 

O+ + Oa-+ 0; + 0, N+ + Ng-+ Nt + v* 
& Nh 

NO+ + e-+ N’ + 0“ + AE,  
0,’ + e+O’ + 0“ + AI??,! 
Ni + e-+N’+ N e +  AE 

( 6 4  
(66) 
(6B) 

leads t o  vanishing of molecular i o n s  and t o  t h e  appezrance of T and 0 
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atoms, whose k i n e t i c  energy is t h e  d i r e c t  t h e r z a l  ener:-u. T h i s  k i n e t i c  
energy hE may be found from the  equat ion 

J o =  B ( X ) + B ( Y ) + D ( X Y ) + A E , ,  (7) 
where Jo is the  ior . lzat ion p o t e n t i a l  of molecular i o n s ,  s tanding  i n  
t h e  l e f t - h n d  p a r t  of eci3ations (6 ) ;  B(X) and B(Y) is t h e  energy of  
t h e  exc i t ed  atom l e v e l s ,  having formed a s  a reimilt of d i s e o c i a t i v e  recom- 
b ina t ion ;  D ( X ,  Y) is t h e  d i m o c i e t i o n  energy of t h e  correEponding mole- 
tule. It follows from t h e  equat ion ( 7 )  
in r e a c t i o n s  ( 6 a )  - (68 1, is r e s p e c t i v e l y  2.5,  7.1 and 5.84 e V ,  if 

the atoms 0 and N 
estimate t h e  energy of molecules' NO and 'M2 d i s s o c i a t i o n  as equal  t o  
6.48 and 9.76 eV respec t ive ly .  C151. The l e a s t  va lues  of energy w i l l  
c o n s t i t u t e  0.14, 0.94, and - 0.14 e V  , i f  t h e  atom6 0 and N are 
at t h e  3P and 2D l e v e l s  i n  t h e  r e a c t i o n s  (Cia), at  the ID 
l e v e l s  in t he  r e a c t i o n  (68). The number - 0.14 e V  mews t h a t  even 
absorp t ion  of thermal energy of the  medium can take  p l ace  at  d issoc ia-  
t i v e  recombination of t h e  N$ ion, i f  the formed atoms of ni t rogen  are 

s i t u a t e d  a t  t h e  'P and .  2D l e v e l s .  Such r e a c t i o n  is poss ib l e ,  s i n c e  
t h e  e l e c t r o n  temperature i n  t h e  F-layer is so h i g h  C141, t h a t  there is 

a s u f f i c i e n t  number of e l e c t r o n s  w i t h  energy of 0.14eV. 

* 
t ha t  the g r e a t e s t  energy value 

are at t h e i r  b a s i c  l.evels 3P and 4S, and if we 

and ' 5  

I n  e s t ima t ing  t h e  "thermal e f f i c i ency"  of i o n i z i n g  r a d i a t i o n  
i t  is necessary t o  take  i n t o  account t he  poss ib l e  y i e l d  of B(X) + B ( Z )  
energy t o  hea t ing ,  t h i s  e n e r z  being Btored i n  t h e  exc i t ed  oxygen and 

n i t rogen  atom&. In t he  case  when t h e  product of r e a c t i o n s  (6) are found 
at  t h e i r  own b a s i c  l e v e l s ,  t h i s  energy is ev iden t ly  eero, In another  
case t h i s  energy c o n s t i t u t e s  i n  r e a c t i o n s  (6) r e s p e c t i v e l y  2.38, 6.16 
and 6 eV. 

If as a r e s u l t  of recornbination processes  n* (0) exc i t ed  atoms 

were formed per  u n i t  of time i n  a u n i t  of volume, t h e  quan t i ty  (number) 
of atoms, l o s i n g  t h e  e x c i t a t i o n  energy t o  r a d i a t i o n ,  n*' (0) w i l l  be 



so much t h e  smaller, t h a t  the  p r o b a b i l i t y  of  t h e i r  thermal c o l l i s i o n  
w i t h  o t h e r  atoms is greater. The remaining atoms will lose energy i n  
these  c o l l i s i o n s ,  i .8 .  i t  w i l l  go t o  atmasphere hea t ing  

- 
n*# (0) =,n* (0) ( 1  + y)-l, 

where 6% is t he  p r o b a b i l i t y  of c o l l i s i o n ;  
va t ion  c r o s s  s e c t i o n ;  ? is t he  mean v e l o c i t y  of particles; A is t h e  
p o s s i b i l i t y  of spontaneous t r a n s i t i o n ;  n - t h e  concent ra t ion  of p a r t i c l e s .  

e is the  c o l l i s i o n ' s  deac t i -  

An o r i e n t a t i o n  computation of t h e  quan t i ty  a%A, can f o r  example 
be made f o r  oxygen atoms s i t u a t e d  i n  t h e  s ta te  l D .  For  0 - 0  c s l l i s i o n s  
8 = 1.6 0 is cal- 
cu la ted  by the  formula KT = 1 / 3 m G 2 ;  t he  va lues  of  n and T are taken 

from t h e  atmosphere model of C163. 

om2; A = 7.3 10-3 sec" according t o  t151; 

Calcula t ion  shows t h a t  t h e  value a*/d ~ 6 - 7 ,  i s  a l r eady  reach- 
ed at 400 km, and a t  350 km it  is - 19 - 20. Therefore ,  t h e  overwhelm- 
i n g  p a r t  of exc i t ed  atoms f a i l  t o  de-exci te  p r a c t i c a l l y  i n  t h e  whole 
ionosphere,  and t r a n s f e r  t h e i r  energy t o  heat. 

It must be noted,  t h a t  88 a r e s u l t  of t h e  i o n i z a t i o n  process  
a photoelectron is formed, i ts energy being s i g n i f i c a n t .  For example, 
a t  upper atmosphere i o n i z a t i o n  by auanta  with 40 e V  energy (HE11 304 A), 
t h e  photoelectrdn may have an energy of - 26- 27 e V  and y e t  produce 
a s i n g l e  i o n i z a t i o n  even t ,  One may assume a t  o r i en ted  computations, t h a t  
t h e  r e s i d u a l  energy, which is near  30% of t h a t  of the  i o n i z i n g  quantum, 
w i l l  be expended mainly on the  e x c i t a t i o n  of th8 'D level'of t he  atomic 
ox ygen, on account of the  g r e a t  exci te . t ion cros6 s e c t i o n  of  t h a t  l e v e l  
with e l e c t r o n s  of 4 - 15 eV energy, and of predomination of atomic 
oxygen at great he ig ths ,  i . e .  according t o  t h e  above-expounded, f t  will 
sur render  i t  t o  heatilig. 

0 

In s h o r t ,  it may be said t h a t  i f  t h e  mean energy expended on t h e  
formation of one p a i r  of i o n s  is 30 e V  at i o n i s a t i o n  by W-rad ia t ion ,  
a v d u e  of t h e  order  of 12.5- 17 eV, or  40- 60% of t h a t  energy w i l l  go 
t o  heat ing.  
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Since  according t o  Danilov C91, t he  ab6OlUte concent ra t ion  of 
t h e  ions  NO'in t h e  200 - 400 k m  a l t i t u d e  range is 4 -  10 times g r e a t e r  
than t h a t  of 0% i o n s ,  and is g r e a t l y  exceeding t h a t  of N$ i o n s ,  t h e  

r e a c t i o n  (6a) w i l l  be more e f f e c t i v e  i n s o f a r  as the  energy l i b e r a t i o n  
is concerned. That is why t h e  v d u e  of t h e  " the rna l  e f f ic iency" ,  which 
we shall denote by the  symbol , m i l l  be near  4%. Thus one may state 
t h a t  t h e  l i b e r a t i o n  of thermal energy i n  a c e r t a i n  volume of t h e  iono- 
sphere w i l l  be expressed as t he  quan t i ty  of energy of i o n i z i n g  r a d i a t i o n  
absorbed i n  t h e  given volume and mul t ip l i ed  by t h e  r l thermal  eff ic iency '?  

P 

say 0 4.8 loo1'- a* n t 2  erg/cm3 6ec. e 

Aside from heat conduct iv i ty ,  t h e  energy loss by a c e r t a i n  volume 
of t he  ionosphere t akes  p lace  mainly at the  expense of inframed r c d i a t i o n  
of atomic oxygen by t h e  r e a c t i o n  i n d i c a t e d  by Bates C171: 

The heat loss i n  this process  is 

Therefore ,  t he  quan t i ty  N ( h )  erg/cm3 sec i n  t he  equat ion (5) 
w i l l  be expressed by 

N (h) = (p *4,8.10-"pl'/t~ - L).  (9) 

In o r d e r  t o  de t en l ine  the  nurierical  value of  N ( h ) ,  i t  is necessa- 
ry t o  a s s ign  oneself  by a c e r t a i n  d i s t r i b u t i o n  i n  he ight  of t h e  quanti-  
t i e s  or1 ne and n ( 0 ) .  The quest ion of contemporary s ta te  of knowledge 
concerning t h e  a l t i t u d e  cour6e of t h e  q u a n t i t y  a* w a s  discussed at l e n g t h  
i n  re ference  C181. Apparently, t h e  expe r imen td  d a t a  obtained from mea- 
surements of n , v e r i a t i o n s  i n  t h e  ionopphere during s o l a r  e c l i p s e  time, 
dur ing  ionospheric  d i s turbances ,  i n  t he  course of a day etc... are most 
r e l i a b l e  i n  t h i s  regard.  

. The values of  cC* a t  var ious  h e i g h t s ,  borrowed from t h a t  r e fe rence ,  
are compiled i n  the second colum of Table  1 (next  page). Data on the 



G ,  

I 

n?5' 
Beight -1 

km .cm s e c  cm- 

a l t i t u d e  course of ne i n  t h e  de.ytime ionosphere,  measured w i t h  t h e  
h e l p  of  rocke t s  and a r t i f i c i a l  s a t e l l i t e s ,  
and whose compilation is given i n  r e f  .clgl, 
a r e  brought up i n  the  t h i r d  column of 
Table 1. 

Unfortunately,  there c u r r e n t l y  a r e  

very few tlata on d i r e c t  measurements of 
atomic oxygen d i s t r i b u t i o n  i n  the  upper 
atmosphere. G;le might p o i n t ,  for example, 
t o  t h e  works by Pokhunkov c201 and 

Hineteregger  c211. Some d a t a  on t h e  d i s -  

T A B L E  1 

500 
400 
350 
300 
250 
200 
180 
160 
I40 
120 
100 

t r i b u t i o n  of atomic oxygen a r e  given i n  
the work by Byram and al c221, who measured t h e  d i s t r i b u t i o n  of mole- 
cular oxygen t o  180 krn he ight  by a photometric method. Est imat ing t h a t  

oxygen m a s s  i n  a ' c e r t a i n  volume of gas is t o  these he igh t s  20% of  the 

m a s s  o f  the t o t a l  volume, we estimate, us ing  t h e  data of c221 on molecu- 
lar oxygen, t he  atomic oxygen content  t o  180 km, using t h e  equat ion 

mo (2 io21 + [Ol) = +, (10) 

where mo is the  mass of t h e  oxygen atom, CO21 end LO3 are r e s p e c t i v e l y  
t h e  concent ra t ion  of t h e  molecular and atomic oxygen, 7 is t h e  dens i ty ,  

TABLE 2 

He compiled i n  Table  2 t h e  d a t a  on 
atonic oxygen concent ra t ion  computed by t h e  

equat ion  (lo), w i t h  t he  dens i ty  borrowed 
from C163, t h e  Pokhunkov d a t a  11201 and t h e  

data obtained from the  curve brought out  by 
Hinteregger  c211. 

data from C201 do not  d i f f e r  much from t h e  
o r i e n t a t i o n  e s t ima te ,  and i n  t h e  100- 110 k m  

range- from t h e  data of c211. 

As may be seen  from Table 2, t h e  

A t  he igh t s  above 110 km, the discrepancy between the  d a t a  of c201 
and c211 i n c r e a s e s ,  and reaches a f a c t o r  of  t h e  o rde r  of  5 at  180 km, 
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i, ite16Hf, K a  P 
500 4,8*104 
400 i ,3 * 10-8 
350 2,9 * 10" 
300 5,3 * 10'' 
250 i ,5 * io-' 

. 200 1,9*10-' 
180 i,3*iO" 
160 7,7 * io-' 
i40 5,8* io-' 
i20 4,5* f O-' 
100 3. IO-' 

t h a t  t he  l i b e r a t i o n  of thermal energy 
i n  t h e  daytime ionosphere t o  140 km 
exceeds t h e  outflow 8.t t h e  espense of 
t h e  microwave r a d i a t i o n  of atomic oxy- 
gen, which,  above 200 km can be a l toge-  

Rowever, Hinteregger  himself recommends t o  exe rc i se  g r e a t  ca re  i n  
using the  curve brought up, which, ab he w r i t e s ,  c o n s t i t u t e s  only an 
i l l u s t r a t i o n  of t h e  method, and not  a documentary mater ia l .  Besides,  
Hinteregger  po in t s  t o  the  f a c t  t h a t  t h e  trqe concent ra t ions  of atomic 
oxygen might probably be below thoee he brought up. Taking all t h e  above 
i n t o  account,  w e  admitted f o r  our computations the  experimental  data on 
atomic oxygen d i s t r i b u t i o n  of Pokhunkov E201. Let  us remark, t h a t  these 

L 1 I 

<i 5 10-0 
1,5*104 
2,6.10-0. 
5 * 10-0 
1 3 10-8 
4,8* 10-8 
3 3 * 10-1 

d a t a  may have.= unce r t a in ty  of  t he  order  of a f a c t o r  of 2 ,  which na tura l -  
l y  mey lead  t o  an e r r o r  i n  t h e  es t imate  of temperature at any l e v e l .  
The magnitude of t h a t  e r r o r  will be brought up below. 

As may be seen from fornula  (81, t he  quan t i ty  L ( h )  depends on 
t he  d i s t r i b u t i o n  n (0) much more than on tha t  of temperature,  and t h a t  

is why temperature d a t a  of c201 can be taken as a first approximation 
when computing L (h) .  W e  s h a l l  r ewr i t e  t h e  e:..,ruas!;ion ( 9 )  

N (h)=ljP (h) - L (h),  P (h) = 4,8.10-11a'n:. (1 1) 

The vzlues  of L and P f o r  t he  daytime ionosphere,  computed 
according t o  data of Table 1, ,us ing  formulas (8)  and (11) a r e  c o q i l g d  

t h e r  neglected.  

The equat ian  ( 5 )  is 
we es t imate  t h a t  at 1000 km 
kind,  i . e .  t h a t  

Considering t h a t  at 

I 

resolved at  the  foll-owing boundary condi t ions  : 
height  t h e r e  are no thermal fluxes of any 

del = 0. 
dh h=1ooorrnc 

t he  "zero" l e v e l ,  i. e ,  i n  our case at  100 km, 

the  temperature is  f ixed  and equal t o  TO, w e  ev iden t ly  ob ta in  

\ h 400 km = 
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We admit T o  a t  100km l e v e l  being equal t o  2120 K C163, 
Approximating the  funct ion W ( h ) / A h T F  f r o a  the  equat ion (5) by a 

c e r t a i n  func t ion  of h ,  we re so lve  t h e  equat ion ( 5 )  r e l a t i v e  t o  0 a t  
s e v e r a l  va lues  o f  8 .  The temperature d i s t r i b u t i o n  w i t h  he ight  w i l l  be 
obtained f r o r  formula (4)  by u t i l i z i n g  t h e  computed va lues  of 8 .  The 
values  of temperature c o n p t e d  f o r  va r ious  1 are p l o t t e d  i n  t h e  graph 
Fig. 1 h e r e a f t e r .  v 

I f  we take the  s tandard  tempera- 
t u r e  d i s t r i b u t i o n  w i t h  he igh t  f o r  d i u r n a l  
condi t ions  according t o  C1.63 (dashes i n  
F ig ,  11, i t  can be seen t h a t  t h e  b e s t  con- 
cordance wi th  t h e  computed curvee w i l l  be. 

obtained f o r  f =  0.4, i .e .  our i deas  about 
t h e  llthermal e f f i c i ency"  r e s u l t e d  general-  
l y  co r rec t .  

Ghen determining t h e  flux of i o n i -  
z ing  r a d i a t i o n  corresponding t o  temperatu- 
r e  d i s t r i b u t i o n  w i t h  he ight  computed f o r  

0.4, i t  is necessary t o  t ake  i n t o  

Fig.  1 

account t h a t  t h e  data on e l e c t r o n  concent ra t ion ,  brought up i n  Table 1, 
a r e  average6 rswults of measurements on rockets and s a t e l l i t e s ,  c a r r i e d  
ou t  a t  secZ DL 2, where 2 is t he  z e n i t h a l  angle of t h e  Sun, This  means 
t h k t  t h e  f l u x  of i o n i z i n g  r a d i a t i o n ,  inducing a n a r d  h e a t i n g  of the 
atmosphere correepondfsg t o  contemporary models, must c o n s t i t u t e  at  v e r t i -  
c a l  incidence 

op 
4,8 - sec Z \ a'ne2dh = 5,8 W@?M'it%. (12) 

0 

We nay f u r t h e r  conclude, t h h t  a t  /3 E (2.4, t he  curves  I, 11,111, 
IV, V, VI correspond t o  teroperature d i s t r i b u t i o n s  t h a t  would take p lace  
at f luxes  of i o n i z i n g  r a d i a t i o n ,  r e s p e c t i v e l y  equal t o  14.5, 10.8, 7.2, 
5.8, 5.0 and 3.6 erg/cm sec.  The p rec i s ion  o f  t he  c a l c u l a t i o n  of the  
flux of i o n i z i n g  r a d i a t i o n ,  causing e i the r  atmosphere hea t ing ,  depends 

2 



mainly on t h e  p rec i s ion  i n  the  determinat ion of the  quan t i ty  C y ' ,  It 
was shown by Dzinilov and Ivanov-Kholodnyy C231, t h a t  t h e  unce r t a in ty  
of the'knowledge of t h e  quan t i ty  Or1 may l i e  within t h e  l i m i t s  of a 

f a c t o r  of 2. T h i s  means t h a t  t h e  f lux  of i o n i z i n g  r a d i a t i o n ,  def ined 
by formula (121, may l i e  w i t h i n  t he  bounds of  3 -12 erg/cm 2 s e c .  

L e t  us pass now t o  t h e  computation of  t h e  d i s t r i b u t i o n  of tem- 
pe ra tu re  w i t h  he igh t  i n  t h e  n i g h t  ionosphere. 

The ex is tence  of night  i o n i z a t i o n  i n  t h e  upper atmosphere l a y e r s ,  
the  dependence o f  e l e c t r o n  concent ra t ion  on geomagnetic l a t i t u d e ,  the 

ex is tence  of l o c a l  reg ions  of  increased  i o n i z a t i o n  and numerous o t h e r s  
features,  po in t  t o  t he  f a c t ,  t h a t  besides  Sun's u l t r a v i o l e t  r a d i a t i o n  
t h e r e  e x i s t s  another  source  of i o n i z i n g  r a d i a t i o n ,  whose e f f e c t  does 
not  cease a t  n i g h t ,  and which apparent ly  has no connection with the  Sun, 
A corpuscular  hypothesis  w a s  brought f o r t h  i n  c24J i n  regard t o  n igh t  
ionosphere i o n i z a t i o n ,  according t o  which t h i s  i o n i z a t i o n  is induced by 
a f lux  of s o f t  e l e c t r o n s  w i t h  energ ies  ranging from 100 t o  5000 e V ,  
On the  bmi8 of the  data on the night  ionosphere,  t h e  spectrum and the  
flux of these e l e c t r o n s  w a s  computed, It wa6 found t h a t  t h e  f lux  is of 
-1 erg/cm2 sec. S i m i l a r l y  &6 w a s  done f o r  t he  deytime ionosphere,  we 

conputed the  d i s t r i b u t i o n  of teRpereture w i t h  he ight  i n  t h e  n igh t  iono- 
sphere.  Contrary t o  daytime ionosyhere,  t h e  mean energy emended on the 

formation of a p a i r  of ioilrs a t  i r r n d i a t i o n  by e l e c t r o n  flux with 100 - 
5000 eV energy, should be t&en equal t o  -50 eV. 

n ight  i o n o q i i c r e  is conp i l ed  il?- Table 4 [next page]. The d i s t r i b u t i o n  
of elelztron concent ra t ion  w i t h  he ight  at night t ime i n  the 80- 200 km 
is given i n  t h e  works c25, 261, and above 200 km - i n  c271. The va lues  
of N1 f o r  t he  n ight  a r e  computed from t h e  daytime va lues ,  taking i n t o  

account t h e  d a i l y  v a r i a t i o n  of dens i ty  and e l e c t r o n  concentrat ion.  Such 
method is  expounded i n  C281. The values of P were computed from these  
values  of a' and ne accading t o  fo rmula  

The d i s t r i b u t i o n  of t h e  viLues of a? and ne w i t h  he igh t  i n  t h e  

2 P = 8 N' ne erg/cm sec. 
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The values of L i n  the  n ight  ionosphere a r e  ev iden t ly  i d e n t i -  
c a l  t o  those i n  daytime ionosphere.  The temperature va lues ,  computed 
f o r  t h e  n igh t  ionosphere by an i d e n t i c a l  method t o  t h a t  f o r  t h e  daytime 
ionosphere are compiled i n  the  l a s t  column of Table 4. 

T A B L E  4 

The p rec i s ion  i n  the  c a l c u l a t i o n  of temperature d i s t r i b u t i o n  
with he ight  i n  the  n i c h t  and dagtinie ionosphere depends on the exac t i -  
tude of t h e  i n i t i a l  d a t a  on the  d i s t r i b u t i o n  w i t h  he ight  of atomic oxy- 
gen . This  dependence i s  p a r t i c u l a r l y  g r e a t  a t  computations of tempera- 
t u r e  d i s t r i b u t i o n  w i t h  he ight  i n  t h e  n igh t  ionosphere t o  180 km, where 
the  i n f r a r e d  emission of atomic oxygen is e s s e n t i a l  i n  the heat balance 
of a volume a t  a c e r t a i n  l e v e l  of t h e  ionosphere. As pointed out  above, 
t he  d a t a  on atomic oxygen concent re t ion ,  brought up i n  c201, may vary 
wi th in  the  bounds of t he  f a c t o r  of 2. The g r e a t e s t  e r r o r s  i n  t h e  compu- 
t a t i o n s  of temperature ,  due t o  t h i s  u n c e r t a i n t y ,  may t ake  p lace  at 
n igh t  ionocphere l e v e l s  t o  180 km. 

Coaputations show t h a t  i f  t he  concent ra t ion  of atomic oxygen 
v a r i e s  by a f a c t o r  of 2 ,  t h e  e r r o r 6  i n  t h e  d i s t r i b u t i o n  of temperature 
reach  24.5% 
at  140, 150 and 180 km. A t  200 km and abma,where the  atomic oxygen 
emission can be neglected,  t h e  abos lu te  e r r o r  remains cons tan t  at-12% 
of the  temperature value at 180 km, and t h e  r e l a t i v e  e r r o r  decreases 

a t  t h e  120 km l e v e l ,  and r e s p e c t i v e l y  22.096~16% and 12.591, 
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accordingly t o  N 6% a t  the  500 km l e v e l ,  

I n  order  t o  s u s t a i n  the  i o n i z a t i o n  and t h e  hea t ing  of t h e  

n igh t  ionosphere t o  t h e  same degree a~ foll.oas from Table 4 ,  a s o f t  
e l e c t r o n  f l u x  

8*10-11 ra'n,'dh = 0,8 erg/cm 2 s e c  
' .  0 

is requi red .  Talsir,g i i i to  sccount that t h e  unce r t a in ty  of t h e  knowledge 
of t h e  values  of 00 is of the  order  of t h e  f a c t o r  of 2, we m a g  es t ima te  
t h a t  t h i s  f l u x  l i e s  wi th in  the  bounds of 0.4 - 1.6 erg/cm 2 sec , 

The computed temperature curves,  agreeing with the  d a t a  on upper 
atmosphere temperature a v a i l a b l e  t o  ue at t h e  present  time, poin t  t o  
the very great importance of a Pore ex tens ive  s tudy  of wave and corpu- 
c y l a r  i o n i z i n g  r a d i a t i o n  i n  t h e  upper atmosphere, i nc lud ing  t h e  photo- 
chemical processerr t h e r e i n ,  f o r  they  p lay  a very important p a r t  i n  t h e  
process of ionosphere heat ing.  

The au thors  a r e  indebted t o  G. S, Ivanov-Kholodnyy f o r  his 
cons tan t  i n t e r e s t  and valuable  counsel i n  t h e  course of t h i s  work. 

Trans la ted  by ANDRE L. BRICHANT 
under  Contract No. RAS-5-2078 
6 January 1963. 
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